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(54) X-ray reduction projection exposure system of reflection type 

(57) An X-ray exposure apparatus includes a stage 
(1) for holding a reflection type mask (MS) having a mul- 
tilayered reflection pattern for circuit manufacturing, a 
stage (50) for holding a wafer (WF) to be exposed to the 
pattern of the mask with X-rays, and a reflection reduc- 
tion imaging system, disposed between the mask stage 
and the wafer stage, including a reflecting mirror 
arrangement, containing a plurality of curved reflecting 
mirrors (M1, M2 t M3) coated with multilayer films, for 
receiving X-rays from a mask (MS) and directing them 
to a wafer (WF) to expose the wafer to the pattern of the 
mask with the X-rays in a reduced scale. 
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Description 

FIELD OF THE INVENTION AND RELATED ART 

[0001] The present invention relates to a projection 
exposure apparatus, more particularly to an X-ray 
reduction projection exposure system of reflection type 
and an X-ray reduction imaging system particularly usa- 
ble for effecting high resolution printing. 
[0002] In the field of semiconductor circuit manufac- 
turing exposure apparatuses such as mask aligner and 
steppers are widely used to printing a circuit pattern 
from a mask or reticle onto a wafer. 
[0003] The recent trend to the high density of the sem- 
iconductor chips such as IC and LSI increases the 
needs for an exposure apparatus capable of very high 
resolution printing. Various researches and develop- 
ments are being made to provide an exposure appara- 
tus which can replace the recently used deep UV light. 
In general, in the exposure apparatuses of this type, 
more particularly to a projection exposure apparatuses 
such as steppers, the minimum line width which is print- 
able by the apparatus, represented by resolution power, 
is determined by wavelength of light used and a numer- 
ical aperture of the projection optical system. 
[0004] As regards the numerical aperture, the resolu- 
tion increases with increase of the numerical aperture, 
but the increase of the numerical aperture leads to 
shorter depth of focus, with the result that the image to 
be printed or transferred is blurred due to a very small 
defocusing. For this reason, it is considered from the 
standpoint of optical design that obtaining high resolu- 
tion by changing the numerical aperture is difficult. In 
view of this, efforts have been made to accomplish the 
high resolution by using as the projection energy ray a 
beam produced by excimer laser or the like and X-rays 
which are relatively short in the wavelength. Particularly, 
the X-ray exposure apparatus is expected as an expo- 
sure apparatus of the next generation, and an X-ray 
exposure apparatus in a proximity type has been pro- 
posed. 

[0005] However, the currently proposed proximity type 
X-ray exposure is still not satisfactory in that the resolu- 
tion is not enough for an ultra LSI such as 64 mega bit 
DRAM or higher density requiring the very high resolu- 
tion of the order of submicrons. Another problem is that 
a highly accurate pattern must be formed on a mask. 

SUMMARY OF THE INVENTION 

[0006] The present invention provides an x-ray reduc- 
tion projection exposure apparatus comprising: a mask 
stage for holding a reflection type mask having a multi- 
layered reflection pattern; a wafer stage for holding a 
wafer; and a reflection imaging system for receiving x- 
rays from the mask and directing them along an optical 
path to expose a wafer mounted on the wafer stage to 
the pattern of the mask, said reflecting imaging system 



comprising a plurality of curved mirrors; characterised 
in that at least one of the said curved mirrors has an 
aspherical reflecting surface for reducing aberrations; 
and in that each of the said curved mirrors has a multi- 
5 layered reflector. 

[0007] There follows a description, by way of example, 
of various embodiments of the invention, with reference 
to the following drawings. 



w BRIEF DESCRIPTION QF THE DRAWINGS 
[0008] 

Figure 1 schematically illustrates an imaging 

is arrangement of an X-ray reduction projection imag- 
ing system of a reflection type applicable to an 
exposure apparatus according to a first embodi- 
ment of the present invention. 
Figures 2 and 3 are graphs explaining principles of 

20 the imaging system shown in Figure 1. 

Figure 4 illustrates an image arrangement of major 
imaging elements of the Figure 1 imaging system 
using multi-layer reflecting mirror. 
Figure 5 illustrates an imaging surface of the imag- 

25 ing system shown in Figure 4. 

Figure 6 shows examples of astigmatism and dis- 
tortion of the imaging system shown in Figure 1. 
Figure 7 shows an example of lateral aberrations at 
different image heights in the imaging system 

30 shown in Figure 1 . 

Figure 8 illustrates the reason why the illumination 
beam is incident non-perpendicularly with respect 
to the mask of shown in Figure 1 and Figure 4. 
Figure 9 shows an arrangement of a reflection 

35 imaging system according to a second embodiment 
of the present invention which is suitable to a sys- 
tem wherein the wafer is stepwisely moved while 
being exposed to a pattern. 
Figure 10 shows an optical arrangement of an 

40 imaging system according to a third embodiment of 
the present invention wherein a transparent type 
mask in the Figure 9 imaging system is replaced by 
a reflection type mask. 

Figure 11 shows an arrangement of an imaging 
45 system according to a fourth embodiment of the 
present invention wherein horizontally coming X- 
rays from SOR (synchrotron orbital radiation) 
source are totally reflected by a reflecting mirror 
and are scanningly reflected. 
so Figure 12 shows an arrangement of an imaging 
system according to a fifth embodiment of the 
present invention wherein a mask is slightly inclined 
from a vertical position. 

Figure 13 shows an arrangement of an imaging 
55 system according to a sixth embodiment of the 
present invention wherein a mask and a wafer are 
arranged parallel to each other and vertically, and 
the wafer is stepwisely moved while being exposed 
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to a pattern. 

Figure 1 4 is a perspective view of an X-ray reduc- 
tion projection exposure system of a reflection type 
according to a seventh embodiment of the present 
invention utilizing an imaging system shown in Fig- s 
ure 9, 11 or 12. 

Figure 15 is an enlarged sectional view of a part of 
a wafer stage used with Figure 14 embodiment. 

DESCRIPTION OF THE PREFERRED EMBODI- 10 
ME NTS 

EMBODIMENT 1 

[0009] Referring to Figure 1 , there is shown an X-ray 15 
reduction projection imaging system of a reflection type 
according to a first embodiment of the present inven- 
tion. In the Figure, an object plane is depicted by refer- 
ence characters MS where a mask or the like is placed, 
and an image plane is depicted by reference characters 20 
WF where a wafer or the like is placed. The projection 
imaging system comprises reflection mirrors M1, M2 
and M3 including a multi-layer film for reflecting X-rays 
to form an image in a reduced scale, the multi-layer film 
being designated by references R1 , R2 and R3, respec- 25 
tively. The distances among those elements are indi- 
cated as follows: 

d 1 : a plane distance between the reflecting mirrors 

M1andM2 30 

d 2 : a plane distance between the reflecting mirrors 
M2 and M3 

i-j: a distance between a reflecting mirror M1 and 

the object, that is, the mask MS 
I2: a distance between the reflecting mirror M1 and 35 

the image plane, that is, the wafer WS. 

[001 0] Those dimensions are the distances measured 
along an imaging axis O. 

[001 1 ] Thus, the reduction projection imaging system 40 
of a reflection type shown in Figures 1 and 2 is struc- 
tured by the concave reflecting mirror M1, the convex 
reflecting mirror M2 and the concave reflecting mirror 
M3, in the order named from the mask MS. The imaging 
system is effective to project in a reduced scale a circuit 45 
pattern of the mask MS onto the wafer WF, more partic- 
ularly onto a resist applied on the surface of the wafer 
WF. 

[0012] The major specifications usually required for a 
projection imaging system performing the surface pro- so 
jection shown in Figure 1 and 4 in an exposure appara- 
tus for producing an ultra LSI (64 megabits or 256 
megabits) contain a ultra high resolution, a large size of 
image plane and no distortion. It is said that in the case 
of 64 megabits, the minimum line width of 0.35 micron 55 
and the image plane size of 28x10 mm 2 are required, 
and that in the case of 256 megabits, the minimum line 
width of 0.25 micron and the image plane size of 40x20 
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mm 2 are required. These requirements are generally 
contradictory to each other, and conventional imaging 
systems do not satisfy those requirements and specifi- 
cations simultaneously. The projection imaging system 
of this embodiment makes it possible to satisfy those 
requirements. 

[0013] In order to obtain a large image plane size, 
what is most important is that the flatness or planarity of 
the image plane is excellent, in other words, the curva- 
ture of image plane is corrected satisfactorily. In consid- 
eration of this, in the projection imaging system of 
Figure 1, paraxial curvature radius r 1( r 2 and r 3 of the 
concave mirror M1, the convex mirror M2 and the con- 
cave mirror M3 satisfy the following: 

0.9 < r 2 /r., +r 2 /r 3 < 1.1 (1) 

[0014] This is the condition for reducing the Petzval 
sum (1/r 1 - 1/r 2 + 1/r 3 ) ■ If this is not satisfied, it is diffi- 
cult to obtain a necessary resolution over the entire size 
of the image plane, so that the above described specifi- 
cations are not satisfied. The Petzval sum 
1/r ! - 1/r 2 + 1/r 3 reachesO with r 2 /r-| + r 2 /r 3 reaching 1. 
Therefore, the most ideal is r 2 /r 1 + r 2 /r 3 = 1 . In order 
to satisfy the above described specifications, it is neces- 
sary that aberrations other than the curvature of the 
image plane or the curvature of field, more particularly, 
the spherical aberration, coma, astigmatism and distor- 
tion are satisfactorily corrected. In the projection imag- 
ing system of Figure 1, those aberrations are corrected 
by reflecting the ray from the object by the concave mir- 
ror M1 , the convex mirror M2 and the concave mirror M3 
in this order, and by giving a function of an aperture stop 
to the convex mirror M2. In addition, at least one of the 
concave mirrors M1 and M3 and convex mirror M2 has 
aspherical or non-spherical mirror surface so as to fur- 
ther improve the correction of those aberrations. Partic- 
ularly, non-spherical surfaces of the concave mirrors M1 
and M3 are desirable for improvement of imaging per- 
formance. More particularly, in order to correct the 
above discussed aberrations, i.e., Seidel's five aberra- 
tions, the projection imaging system of Figure 1 has 
paraxial curvature radii of the concave mirrors M1 and 
M3 and the convex mirrors M2 which are determined so 
as to maintain small petzval sum, while the plane dis- 
tances among the elements are so determined that the 
distortion is corrected, and the coma, astigmatism and 
spherical aberration are corrected by using the non- 
spherical surfaces. 

[001 5] Figure 2 is a graph showing a relation between 
a geometrical aberration of an imaging system and an 
effective F-number. As a representative of the geometri- 
cal aberrations, a lateral spherical aberration LSA is 
taken. The lateral spherical aberration is inversely pro- 
portional to a third power of the effective F-number, 
more particularly: 

LSA = K/F 3 (2) 
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F: the effective F-number 
K: a constant 

[001 6] In Figure 2 the relation is expressed in a log-log 
graph. s 
[001 7] The constant K in effect means the value of the 
lateral spherical aberration when the effective F-number 
is 1 . The value of the constant K changes depending on 
the number of lenses (mirrors) constituting the imaging 
system, the type of the imaging system and the design 10 
of the imaging system. 

[0018] In a conventional optical stepper, a number of 
lenses (not less than 10) are used to accomplish the 
constant K of approximately 1 micron. 
[001 9] However, in a reflection imaging system for the is 
X-ray as in this system, the number of mirrors used is 
desirably as small as possible in order to increase the 
amount of usable rays as the rate absorbed by the mir- 
ror is large. 

[0020] In the case of the imaging system in this 20 
embodiment, when the number of mirrors is 3 - 5, the 
constant K is about 100 times the conventional, that is, 
the constant K is of the order of 100 microns. 
[0021] The imaging system having the constant K of 
100 microns, has the property on the line indicated by 25 
"K = 100 microns" in Figure 2 graph. Therefore, it is 
understood, in order to reduce the lateral spherical 
aberration down to not more than 0.35 microns in the 
imaging system, it is required that the effective F- 
number is not less than 6.6 from the equation (2). 30 
[0022] However, with the increase of the F-number, 
the amount of blurrness due to diffraction increases. 
The radius of the blurrness due to the diffraction is rep- 
resented as an Air/s disk radius r 0 , as follows: 

35 

r=1.22FX (3) 

F: the effective F-number 
X: the wavelength 

40 

[0023] Figure 3 is a graph representing the relation of 
the equation (3) in a log-log scale for three values of 
radii r 0 . According to this graph, when it is required that 
r 0 < 0.35 micron, the combination of the effective F- 
number F and the wavelength X is selected within the 45 
region below the bottommost line. 
[0024] Therefore, in order to obtain a required resolu- 
tion, the imaging system is such that the geometric 
aberration shown in Figure 2 and the blurrness due to 
the diffraction shown in Figure 3 are both below the tol- so 
erances. 

[0025] For example, in the imaging system having the 
constant K of 100 microns, in order to satisfy the per- 
formance of LSA < 0.35 micron and r 0 < 0.35 micron, 
the graph of Figure 2 gives F > 6.6, and therefore, the ss 
graph of Figure 3 gives the combination of the effective 
F-number and the wavelength within the hatched 
region. However, in this exemplary imaging system, if 
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the light in the visible region is used, the influence by the 
diffraction is too large, so that the resolution of the order 
of submicrons can not be obtained. Therefore, the reso- 
lution of the order of submicrons is achieved by using 
the radiation within the short wavelength soft X-ray. 
Thus, although the imaging system of this embodiment 
uses a small number of mirrors, it is possible to reduce 
the geometrical aberrations and the blurrness due to 
diffraction down to not more than submicrons in the soft 
X-ray wavelength region. 

[0026] Figure 4 shows an arrangement, stressing the 
major parts of the imaging system of Figure 1 , wherein 
the reflecting mirrors have multi-layer reflecting films. 
[0027] The reduction projection imaging system of a 
refraction type shown in Figures 1 and 4 are essentially 
coaxial imaging system, and only one half mirror sur- 
face of each of concave mirrors M1 and M3 are used. It 
is possible that at least one of the concave mirrors M1 
and M3 and the convex mirror M2 is deviated from the 
coaxial relationship so as to slightly incline with respect 
to the system axis O, whereby further improving the cor- 
rection of the aberrations. 

[0028] Referring to Figure 5, the image plane of the 
imaging system of Figure 4 is explained wherein the ref- 
erence y represents an image height; y max , a maximum 
image height; Y mjn , a minimum image height. Usually, 
the region y min ^ y ^ y max is used as the image plane or 
surface. The rays reaching to this region is substantially 
free from eclipse, and therefore, a uniform distribution of 
radiation amount can be provided with the vignetting 
factor of 100 %. In Figure 5, the exemplary usable 
image plane has the maximum rectangular region under 
the condition that the ratio of the long side and the short 
side is 2:1 . Of course, the various aberrations discussed 
above are satisfactorily corrected. When the image 
plane having such a rectangular configuration is used, 
the short side of the rectangular configuration is given 

b y Y max " Y mirv and the lon 9 side is 9 iven bv 

O 2~ 2~ 

max "ymin min- 

[0029] The concave mirrors M1 and M3 and the con- 
vex mirror M2 of the Figure 4 projection imaging system, 
have the respective reflecting surfaces coated with 
reflecting films for efficiently reflecting X-rays. Each of 
the reflecting films is constituted by several tens layers. 
The reflectivity is very much improved as compared with 
the reflecting mirror without the reflecting film. The 
multi-layer reflecting film may be constituted by a combi- 
nation of such different materials that the difference in 
the refractive indexes of the adjacent layers is large, for 
example, a multi-layer film containing a semiconductor 
element and a transition metal element having a high 
fusing point, a multi-layer film containing a low fusing 
point metal element and a semiconductor element or a 
light metal element, or a multi-layer film containing white 
metal element and a semiconductor element. More par- 
ticularly, examples of combinations are tungsten W and 
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carbon C; tantalum Ta and silicon Si; gold Au and car- 
bon C; rhenium Re and carbon C; lead Pb and silicon 
Si; ruthenium Ru and silicon Si; paradium Pd and silicon 
Si; rhodium Rh and silicon Si; ruthenium Ru and beryl- 
lium Be; ruthenium Ru and boron B; rhodium Rh and 5 
boron B; palladium Pd and boron B. 
[0030] Examples of the multi-layer reflecting film will 
be described. In the following, the different materials 
constituting the multi-layer film are called "first material" 
and "second material". 10 

For X-rays of 1 14.0 angstrom wavelength 

EXAMPLE 1-1 

15 

[0031] 

First Material: Ru 
Second Material: Si 

Film Thickness of the 1 st Mat.: 36.4 angstroms 20 
Film Thickness of the 2nd Mat.: 23.5 angstroms 
Number of Layers: 41 
Reflectivity 

(Angle of incidence: 0 degree (perpendicular)): 

25 

38.6 %, without a protection film; 

37.9 %, with a protection film of C having the 

thickness of 5 angstroms on the top 

layer. 

30 

First Material: Ru 
Second Material: Si 

Film Thickness of the 1st Mat: 39.1 angstroms 
Film Thickness of the 2nd Mat.: 25.2 angstroms 
Number of Layers: 41 35 
Reflectivity (Angle of incidence: 20 degrees): 

40.1 %, without a protection film; 

39.4 %, with a protection film of C having the 

thickness of 5 angstroms on the top 40 

layer. 

EXAMPLE 1-2 

[0032] 4$ 

First Material: Pd 
Second Material: Si 

Film Thickness of the 1st Mat: 31 .3 angstroms 

Film Thickness of the 2nd Mat.: 28.0 angstroms so 

Number of Layers: 41 

Reflectivity (Angle of incidence: 0 degree): 26.1 % 
First Material: Pd 
Second Material: Si 

Film Thickness of the 1st Mat: 33.3 angstroms 55 
Film Thickness of the 2nd Mat.: 30.1 angstroms 
Number of Layers: 41 

Reflectivity (Angle of incidence: 20 degrees): 26.7 



% 

For X-rays of 1 12.7 angstroms wavelength 

EXAMPLE 1-3 

[0033] 

First Material: Ru 
Second Material: Be 

Film Thickness of the 1st Mat: 26.6 angstroms 
Film Thickness of the 2nd Mat: 30.6 angstroms 
Number of Layers: 41 

Reflectivity (Angle of incidence: 0 degree): 77.2 % 
First Material: Ru 
Second Material: Be 

Rim Thickness of the 1st Mat.: 27.4 angstroms 
Film Thickness of the 2nd Mat.: 33.4 angstroms 
Number of Layers: 41 

Reflectivity (Angle of incidence: 20 degrees): 79.9 
% 

For X-rays of 108.7 angstroms wavelength 

EXAMPLE 1-4 

[0034] 

First Material: Rh 
Second Material: Si 

Rim Thickness of the 1st Mat.: 33.4 angstroms 
Rim Thickness of the 2nd Mat.: 23.4 angstroms 
Number of Layers: 41 

Reflectivity (Angle of incidence: 0 degree): 33.2 % 
Rrst Material: Rh 
Second Material: Si 

Rim Thickness of the 1st Mat.: 48.2 angstroms 
Film Thickness of the 2nd Mat.: 28.8 angstroms 
Number of Layers: 41 

Reflectivity (Angle of incidence: 40 degrees): 38.7 
% 

For X-rays of 82.1 angstroms wavelength 

EXAMPLE 1-5 

[0035] 

First Material: Ru 
Second Material: B 

Rim Thickness of the 1st Mat.: 20.1 angstroms 
Rim Thickness of the 2nd Mat: 21.8 angstroms 
Number of Layers: 41 

Reflectivity (Angle of incidence: 0 degree): 18.0 % 
Rrst Material: Ru 
Second Material: B 

Rim Thickness of the 1st Mat: 21.3 angstroms 
Rim Thickness of the 2nd Mat: 23.4 angstroms 
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Number of Layers: 41 
Reflectivity (Angle of incidence: 20 degrees): 21.6 
% 

EXAMPLE 1-6 s 
[0036] 

First Material: Rh 

Second Material: B 10 
Film Thickness of the 1st Mat: 20.0 angstroms 
Film Thickness of the 2nd Mat.: 21 .9 angstroms 
Number of Layers: 41 

Reflectivity (Angle of incidence: 0 degree): 15.7 % 
First Material: Rh 15 
Second Material: B 

Film Thickness of the 1st Mat: 21 .0 angstroms 
Film Thickness of the 2nd Mat.: 23.6 angstroms 
Number of Layers: 41 

Reflectivity (Angle of incidence: 20 degrees): 18.8 20 
% 

EXAMPLE 1-7 

[0037] 25 

First Material: Rh 
Second Material: B 

Film Thickness of the 1st Mat: 19.4 angstroms 

Film Thickness of the 2nd Mat.: 22.4 angstroms 30 

Number of Layers: 41 

Reflectivity (Angle of incidence: 0 degree): 13.2 % 
First Material: Rd 
Second Material: B 

Film Thickness of the 1 st Mat: 20.6 angstroms 35 
Film Thickness of the 2nd Mat: 24.0 angstroms 
Number of Layers: 41 

Reflectivity (Angle of incidence: 20 degrees): 15.7 
% 

40 

[0038] The multi-layer reflecting films described above 
are for the X-rays having the wavelength ranging from 
80-120 angstroms. However, multi-layer reflecting films 
for the X-rays outside this range can be obtained by 
ordinary skilled in the art in consideration of the above 45 
by property selecting a combination of the above 
described materials. Each of the first and second mate- 
rials is formed by a single element in the above exam- 
ples, but it may be synthetic of plural elements. 
[0039] Examples of dimensions of the projection so 
imaging system shown in Figures 1 and 4 will be 
described. In the imaging system, it is preferable that at 
least one of the concave mirrors M1 and M3 and the 
convex mirror M2 has a non-spherical reflecting surface, 
and therefore, in the examples which will be described 55 
has at least one non-spherical reflecting mirror. 
[0040] In the following, "KT (i = 1 , 2, 3) is a non-spher- 
icality of the i(th) surface as counted from the object 
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side, which can be represented by the following equa- 
tion: 

X = (H 2 /ri)/[1+^1-(1+Ki)(H/ri) 2 ] 

X: coordinate in the system axis direction 

H: a distance in the perpendicular direction away 

from the system axis 

ri (i a 1, 2, 3): paraxial curvature raduis of the i(th) 
surface as counted from the object side 
it : distance between the concave mirror M1 and the 
mask MS 

I2: distance from the reflecting mirror M1 and the 
wafer WF 

d^ plane distance between the concave mirror M1 
and the convex mirror M2 

62' a plane distance between the convex mirror M2 
and the concave mirror M3. 

EXAMPLE 1-8 

[0041] 

Magnification: 1/5, Effective F-number: 30 

Image field size: 28x14 mm, Resolution: 0.35 

microns 

Image height: 5 - 24 mm 

11 = -1288.7 mm 

12 = -298.9 mm 
r 1 = -635.99 mm 
d-i = -165.00 mm 
r 2 = -213.51 mm 
d 2 = 165.00 mm 
r 3 = -321.40 mm 
K-| = -2.26097 
K 2 = -0.12295 
K 3 = 0.11246 
Performance: 

MTF (Spatial Frequency = 1500 Ip/mm) 

Wavelength = 0... 85% 

Wavelength = 13.3 angstroms ... 80 % 

Distortion = -0.3 % 

EXAMPLE 1-9 

[0042] 

Magnification: 1/5, Effective F-number: 30 

Image field size: 40x20 mm, Resolution: 0.25 

microns 

Image height: 10-40 mm 
U = -2577.4 mm 
I2 = -597.9 mm 
r 1 = -1271.98 mm 
d-i = -330.00 mm 
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r 2 = -427.01 mm 
d 2 = 330.00 mm 
r 3 = -642.81 mm 
= -2.26097 

K 2 = -0.12295 5 

K 3 = 0.11246 

Performance: 

MTF (Spatial Frequency = 2000 Ip/mm) 

10 

Wavelength = 0... 75% 

Wavelength = 13.3 angstroms ... 75 % 

Distortion = -0.24 % 

15 

EXAMPLE 1-10 
[0043] 

Magnification: 1/5. Effective F-number: 15 20 
Image field size: 28x14 mm, Resolution: 0.35 
microns 

image height: 20 - 37 mm 

1 1 = -2577.4 mm 

12 = -597.9 mm 25 
r 1 =-1271.98 mm 

d 1 = -330.00 mm 
r 2 = -427.01 mm 
d 2 = 330.00 mm 

r 3 = -642.81 mm 30 

= -2.26097 
K 2 = -0.12295 
K 3 = 0.1 1246 
Performance: 

35 

MTF (Spatial Frequency = 1500 Ip/mm) 

Wavelength = 0 ... 70% 
Wavelength = 13.3 angstroms ... 70 % 
Wavelength = 100 angstroms ... 60 % 40 
Wavelength = 200 angstroms ... 40 % 

Distortion = -0.2 % 

EXAMPLE 1-11 45 

[0044] 

Magnification: 1/5, Effective F-number: 13 

Image field size: 28x14 mm, Resolution: 0.35 so 

microns 

Image height: 20 - 37 mm 

1 1 = -3000.0 mm 

12 = -602.5 mm 

r-, = -1181.91 mm 55 
d 1 = -449.68 mm 
r 2 = -325.97 mm 
d 2 = 210.01 mm 



r 3 = -448.92 mm 
K 1 = -0.94278 
K 2 = -0.07146 
K 3 = 0.14283 
Performance: 

MTF (Spatial Frequency = 1500 Ip/mm) 

Wavelength = 0 ... 80 % 
Wavelength = 13.3 angstroms ... 80 % 
Wavelength = 100 angstroms ... 65 % 
Wavelength = 200 angstroms ... 45 % 

Distortion = not more than -0.00005 % 

EXAMPLE 1-12 

[0045] 

Magnification: 1/5, Effective F-number: 13 

Image field size: 40x20 mm, Resolution: 0.25 

microns 

Image height: 27 - 52 mm 

11 = -4500.0 mm 

12 = -903.6 mm 

r 1 = -1772.60 mm 
d-j = -674.44 mm 
r 2 = -488.89 mm 
d 2 = 315.17 mm 
r 3 = -673.46 mm 
K1 = -0.94301 
K 2 = -0.08049 
K 3 = 0.14261 
Performance: 

MTF (Spatial Frequency = 2000 Ip/mm) 

Wavelength = 0 ... 50% 
Wavelength = 13.3 angstroms ... 50 % 
Wavelength = 100 angstroms ... 40 % 
Wavelength = 200 angstroms ... 35 % 

Distortion = not more than -0.00004 % 

EXAMPLE 1-13 

[0046] 

Magnification: 1/5, Effective F-number: 13 

Image field size: 28x14 mm, Resolution: 0.35 

microns 

Image height: 20 - 37 mm 

h = -3000.0 mm 

I2 = -602.7 mm 

r-| = -1182.14 mm 

d 1 = -449.96 mm 

r 2 = -325.53 mm 

62 =210.66 mm 
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r 3 = -449.22 mm 
K-| = -0.93900 
K 2 = 0 (spherical) 
K 3 = 0.14403 
Performance: 

MTF (Spatial Frequency = 1500 Ip/mm) 

Wavelength = 0 ... 60% 
Wavelength - 13.3 angstroms ... 60 % 
Wavelength = 100 angstroms ... 55 % 
Wavelength = 200 angstroms ... 45 % 

Distortion = not more than 0.01 micron 

EXAMPLE 1-14 

[0047] 

Magnification: 1/2, Effective F-number: 26 

Image field size: 34x17 mm, Resolution: 0.35 

microns 

Image height: 40 - 60 mm 

U = -1431.1 mm 

I2 = -719.0 mm 

r 1 = -847.10 mm 

d 1 = -263.73 mm 

r 2 = -309.30 mm 

d 2 = 130.56 mm 

r 3 = -486.35 mm 

K-| =-1.72866 

K 2 = -1.60435 

K 3 = -0.78100 

Performance: 

MTF (Spatial Frequency = 1500 Ip/mm) 

Wavelength = 0 ... 80 % 
Wavelength = 13.3 angstroms ... 75 % 
Wavelength = 100 angstroms ... 45 % 
Wavelength = 200 angstroms ... 14 % 

Distortion = 0.1 micron 

EXAMPLE 1-15 

[0048] 

Magnification: 1, Effective F-number: 39 

Image field size: 36x18 mm, Resolution: 0.35 

microns 

Image height: 70 - 90 mm 

! 1 = -934.6 mm 

I2 = -1054.2 mm 

r 1 = -834.76 mm 

di = -266.67 mm 

r 2 = -306.69 mm 

d 2 = 107.85 mm 



r 3 = -483.92 mm 
K n =-1.82882 
K 2 = -1.83789 
K 3 = -1.19285 
5 Performance: 

MTF (Spatial Frequency = 1500 Ip/mm) 

Wavelength = 0 ... 70% 
10 Wavelength = 13.3 angstroms ... 65 % 

Wavelength = 100 angstroms ... 30 % 
Wavelength = 200 angstroms ... 0 % 

Distortion = 0.1 micron 

15 

[0049] In Examples 1-8 to 1-10, the concave mirrors 
M1 and M3 are substantially equidistant from the con- 
vex mirror M2. In Examples 1 -8 and 1-10 are suitable for 
manufacturing LSI of the order of 64 megabits. Example 

20 1 -9 is suitable for manufacturing LSI of the order of 256 
megabits. The projection systems of embodiments 1-8 
to 1 - 1 0 are relatively compact and of high resolution, but 
there is a liability that a slight distortion remains. If it 
remains, the distortion may be compensated by giving 

25 to the mask pattern itself the distortion opposite to the 
distortion not corrected by the projection imaging sys- 
tem. 

[0050] Examples 1-11 to 1-15 relate to the cases 
where the concave mirror M3 is disposed, with respect 

30 to travel of X-rays, between the concave mirror M1 and 
the convex mirror M2, wherein the concave mirror M3 is 
disposed spaced apart by approximately one half of the 
distance between the concave mirror M1 and the con- 
vex mirror M2. Examples 1-11 and 1-12 are for manu- 

35 facturing LSI of the order of 64 megabits and 256 
megabits, in which almost all distortions are substan- 
tially completely removed, and the effective F-number is 
13 which means a light imaging system. In Example 1- 
13, the convex mirror M2 has a spherical surface and is 

40 designed for 64 megabit LSI. Example 1-14 has a pro- 
jection magnification of 1/2 and is designed for 64 meg- 
abits LSI manufacturing. Example 1-15 has a unit 
projection magnification and is designed for 64 megabit 
LSI manufacturing. Examples 1-8 to 1-13 have the pro- 

45 jection magnificaiton of 1/5. All the embodiments except 
for Example 1-13 has three mirrors M1, M2 and M3 all 
of which have non-spherical deflecting mirror surface. 
[0051] The projection imaging system described 
above employs three reflecting mirrors M1 , M2 and M3. 

so However, the projection system applicable to the projec- 
tion exposure apparatus according to the present inven- 
tion is not limited to the above-described detailed 
examples. For example, an additional mirror, that is, a 
fourth mirror M4 may be added. In order to efficiently 

55 reflect the X-rays, the multi-layer reflecting film is used 
as discussed above. However, even if the multi-layer 
reflecting film is used, the increase in the number of 
reflecting mirrors necessarily leads to loss of the X-ray. 
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For this reason, the number of the reflecting mirrors 
constituting the projection imaging or radiation system 
is preferably small. 

[0052] In the foregoing, the projection imaging system 
have been described as being used for a plane projec- 
tion, but the present invention is applicable to the case 
where a region of a predetermined image height range 
providing small aberration is projected through an arcu- 
ate slit or the like, and the mask and wafer are simulta- 
neously scanningly moved so as to sequentially transfer 
the pattern. 

[0053] Figures 6 and 7 show aberrations in the Figure 
1 projection imaging system and a fourth embodiment. 
In Figure 6, a graph (A) represent an astigmatism, and 
graph (B) represent a distortion. In Figure 7, graphs (A) 
- (D) represent lateral aberrations at different image 
height, (A) being for the image height of 185 mm; (B), 
160 mm; (C), 130 mm; (D), 100 mm. In Figure 6, the 
ordinate represents the image height References M 
and S designate meridional surface and saggital sur- 
face, respectively. 

[0054] As will be understood from Figures 6 and 7, the 
aberration correction is satisfactory for the use of the 
projection imaging system of this kind. Particularly, the 
distortion in Figure 6(B) is approximately 0, and there- 
fore, the distortion is not shown in the Figure. Addition- 
ally, the aberration correction can be made satisfactorily 
in such a wide range as to meet the imaging system 
applicable to plane projection exposure system, which 
necessiates a wide exposure area. Furthermore, the 
imaging system has a satisfactory MTF property suffi- 
cient to provide the resolution of the order of submi- 
crons. 

[0055] Figure 8 explains the principle of the non-per- 
pendicular incidence of illumination rays to the mask 
MS in Figures 1 and 4. In exposure system or the like, it 
is preferable that when the rays are applied to the wafer 
for printing the mask pattern thereon, the rays are inci- 
dent perpendicularly to the wafer, that is, the illumina- 
tion system is telecentric. In Figure 8, the reflecting 
mirrors M1, M2 and M3 are generally indicated by refer- 
ence MM; IP indicates a position of its entrance pupil; 
FF, front focus point; PL, a principal ray passing through 
the center of the mask MS and the front focal point FF 
In order for the pattern of the mask MS to be incident 
perpendicularly or substantially perpendicularly, the ray 
from the center of the mask MS passes through the 
front focal point FF, and the marginal rays therearound 
pass through the entrance pupil. In consideration of 
these, the rays L are inclinedly incident onto the mask 
MS. Then, most of the rays are incident perpendicularly 
and/or substantially perpendicularly onto the wafer WF. 
This is preferable in the reflection system when only one 
half of the system arrangement above or below the sys- 
tem axis is used. 



EMBODIMENT 2 

[0056] Figure 9 shows an imaging arrangement of an 
X-ray reduction projection imaging system of a reflec- 

5 tion type which is small in size, according to a second 
embodiment of the present invention. 
[0057] When the imaging system shown in Figures 1 
and 4 is used, the rays from the mask MS toward the 
reflection mirror M1 are liable to be blocked at the time 

10 when an unshown wafer stage is moved in order to 
stepwisely expose each of the shot area of the wafer 
WF The system arrangement of Figure 9 is intended to 
eliminate the liability. The system of this embodiment is 
provided with a fourth reflecting mirror M0. As will be 

is understood from the Figure, the movable range of the 
wafer WF is uninf luential to the imaging system. In order 
for the wafer WF to be illuminated by rays perpendicu- 
larly or substantially perpendicularly incident onto the 
wafer WF, the reflecting mirror M0 may be inclined at an 

20 angle other than 45 degrees, although Figure 9 shows 
the example of 45 degrees. 

[0058] Examples of multi-layer films preferably usable 
for the reflecting mirror M0 will be described. 

25 For X-rays of 1 14.0 angstroms wavelength 

EXAMPLE 2-1 

[0059] 

30 

First Material: Ru 
Second Material: Si 

Film Thickness of the 1st Mat.: 55.4 angstroms 
Film Thickness of the 2nd Mat.: 34.3 angstroms 
35 Number of Layers: 41 

Reflectivity (Angle of incidence: 45 degrees): 43.8 
% 

EXAMPLE 2-2 

40 

[0060] 

First Material: Pd 
Second Material: Si 
45 Film Thickness of the 1st Mat.: 44.5 angstroms 
Film Thickness of the 2nd Mat.: 42.3 angstroms 
Number of Layers: 41 

Reflectivity (Angle of incidence: 45 degrees): 29.1 
% 

50 

For X-ray of 1 1 2.7 angstroms wavelength 
EXAMPLE 2-3 

55 [0061] 



First Material: Ru 
Second Material: Be 
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Film Thickness of the 1st Mat: 30.2 angstroms 
Film Thickness of the 2nd Mat.: 49.7 angstroms 
Number of Layers: 41 

Reflectivity (Angle of incidence: 45 degrees): 85.3 
% s 

For X-ray of 108.7 angstroms wavelength 

EXAMPLE 2-4 

10 

[0062] 

First Material: Ru 
Second Material: Si 

Film Thickness of the 1st Mat.: 52.7 angstroms is 
Film Thickness of the 2nd Mat.: 31 .9 angstroms 
Number of Layers: 41 

Reflectivity (Angle of incidence: 45 degrees): 39.5 
% 

20 

For X-rav of 82.1 angstroms wavelength 
EXAMPLE 2-5 

[0063] 25 

First Material: Ru 
Second Material: B 

Film Thickness of the 1st Mat: 27.6 angstroms 

Film Thickness of the 2nd Mat.: 32.8 angstroms 30 

Number of Layers: 41 

Reflectivity (Angle of incidence: 45 degrees): 41.8 
% 

EXAMPLE 2-6 35 
[0064] 

First Material: Ru 

Second Material: B 40 
Film Thickness of the 1st Mat: 26.7 angstroms 
Film Thickness of the 2nd Mat.: 33.5 angstroms 
Number of Layers: 41 

Reflectivity (Angle of incidence: 45 degrees): 36.6 
% 45 

EXAMPLE 2-7 

[0065] 

50 

First Material: Pd 
Second Material: B 

Film Thickness of the 1st Mat: 25.9 angstroms 
Film Thickness of the 2nd Mat.: 34.2 angstroms 
Number of Layers: 41 ss 
Reflectivity (Angle of incidence: 45 degrees): 30.2 
% 



EMBODIMENT 3 

[0066] Figure 10 illustrates a system arrangement of 
an X-ray reduction projection imaging system of a 
reflection type which is small in size according to a third 

mbodiment of the present invention. 
[0067] In the imaging system shown in Figure 7, the 
mask MS transmits the exposure rays, whereas the 
imaging system of Figure 10 uses a reflection type 
mask. 

[0068] This embodiment is preferable in that it 
matches in principle Figure 6 embodiment. This is 
because when a reflection type mask MS is used, the 
image rays of the circuit pattern of the mask on which 
the illumination rays are non-perpendicularly incident, 
can be efficiently introduced to the reflection mirror M1. 
[0069] The reflection type mask is preferable also in 
that a forced cooling means CO may be actable on the 
back side thereof, examples of the cooling means being 
a water cooling mechanism or electrostatic cooling 
mechanism using a Peltier element or the like. 
[0070] Further, it is preferable that forced cooling 
means C1 and C2 or the like are provided for the reflec- 
tion mirrors M1 and M2 or the like, since then the ther- 
mal expansion can be avoided. In this case, the cooling 
means can be provided for at least a few first reflection 
mirrors, and it is not necessary to provide it for the sub- 
sequent reflecting mirrors, because the liability of the 
high temperature is present in the first few mirrors. Of 
course, the cooling means can be provided for all of the 
reflecting mirrors. The non-perpendicular incidence of 
the rays onto the reflection type mask also applies 
advantageously to the imaging system shown in Fig- 
ures 11, 12 and 13. 

EMBODIMENT 4 

[0071] Figure 1 1 shows an arrangement of an X-ray 
reduction projection imaging system of a reflection type 
which is small in size according to a fourth embodiment 
of the present invention. In this system, X-rays SR from 
a synchrotron orbital radiation source which will herein- 
after be called H SOR" are reflected by reflection mirror 
MRT. and they are non-perpendicularly incident on the 
mask MS. The reflection mirror MTR is swung with 
respect to the mask MS to scan the circuit pattern sur- 
face of the mask MS thus insuring a wide exposure 
area. The reflecting mirror MTR may be of a glancing 
type or of a multi-layer type. In this embodiment, too, it 
is preferable to provide the reflecting mirrors M0 and M1 
forced cooling means. An X-ray conduit extending from 
SOR source is usually very long, extending in a tangen- 
tial direction of a ring, and therefore, in the apparatus 
wherein the distance from the mask MS to the reflecting 
mirror M1 is long as in this embodiment, the conduit can 
be commonly used, thus preventing the apparatus from 
becoming bulky. 
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EMBODIMENTS 

[0072] Figure 12 shows an arrangement of an X-ray 
reduction projection imaging system of a reflection type 
which is small in size, according to a fifth embodiment of s 
the present invention. In this system, the X-ray is scan- 
ning^ deflected substantially vertically within the SOR 
source. The mask MS is set inclined from the vertical 
direction at a predetermined angle to provide non-per- 
pendicular incidence of rays. 10 

EMBODIMENTS 

[0073] Figure 13 shows a system arrangement of an 
X-ray reduction projection imaging system of a reflec- is 
tion type which is small in size, according to a sixth 
embodiment of the present invention. In this system, the 
mask MS and the wafer WF are disposed vertically and 
parallel to each other, wherein the illumination rays are 
still unblocked. Therefore, this arrangement is suitable 20 
to the apparatus wherein the wafer is moved stepwisely 
to expose plural shot areas of the wafer. 

EMBODIMENT 7 

25 

[0074] Figure 14 shows a general arrangement of an 
exposure apparatus according to a seventh embodi- 
ment of the present invention, 

[0075] In the exposure apparatus, the mask MS is dis- 
posed vertically so as to suitably meet the SOR source. 30 
The wafer WF is supported on a horizontal stage, and 
as to the imaging system, the reflection imaging system 
of Figure 9, 1 1 or 12 can be used. 
[0076] A mask stage MS for supporting the mask MS 
is movable in two dimensions by an unshown driving 35 
device. The mask stage 1 is provided thereon with align- 
ment marks 2A, 2B and 2C, which are exposed at differ- 
ent three positions on the mask stage 1 as shown in the 
Figure in this embodiment. The alignment marks are 
used to detect the degree of perpendicularity between 40 
the mask MS and the wafer WF and/or the wafer stage. 
The apparatus comprises a conduit tube in which the X- 
ray passes and which is effective to direct the X-ray 
emitted from an unshown X-ray source and having 
passed through the mask MS to a projection imaging 45 
system which will be described hereinafter. A barrel 4 
for accommodating the projection imaging system com- 
prising a plurality of reflecting mirrors and is connected 
with the conduit tube 3. First, second and third stage 
alignment scopes 10,11 and 1 2 are effective to observe so 
the alignment marks 2A, 2B and 2C and alignment 
marks 6A, 6B and 6C on the member 50, respectively 
superimposedly. 

[0077] First and second mask-wafer alignment scopes 
20 and 21 function to detect alignment or deviation ss 
between the mask MS and the wafer WF to impart a rel- 
ative movement between the mask MS and the wafer 
WF using the corresponding alignment marks on the 



mask MS and the wafer WF. The system comprises the 
above-described multi-layer film reflecting mirrors M0, 
M1, M2 and M3. Of these mirrors, the mirrors M1, M2 
and M3 constitute a reduction projection imaging sys- 
tem; and the reflection mirror M0 serves to fold the X-ray 
introduced into the barrel 4 through the conduit tube 3 
from the inlet port thereof to the reflecting mirror M1 at 
a predetermined angle. 

[0078] Since only one half, with respect to the system 
axis O, of the reflecting mirror M1 is used as shown in 
Figures 1 and 4, the remaining half is not necessary in 
principle. However, the remaining half is preferably not 
removed from the standpoint of facilitating using tools 
when the multi-layer film is produced and for promoting 
thermal radiation. It is possible that the entire spherical 
mirror surface is coated with the multi-layer film, and 
only one half thereof is used. The reflecting mirror M3 is 
provided with an opening hi for allowing passage of the 
X-ray at an eccentric position. The opening hi is formed 
prior to the multi-layer film treatment, and is plugged by 
a material, under which condition the multi-layer film is 
formed. After the completion of the multi-layer film treat- 
ment, the material filling the opening is removed. By 
doing so, the distortion which may otherwise be pro- 
duced during the machining of the opening can be 
avoided. The reflecting mirror M2 is securedly fixed onto 
a supporting plate SS having the opening h2. 
[0079] Members 50, 51 and 52 are stage constituent 
members for constituting a wafer stage. The constituent 
member 50 is provided with a wafer chuck for securedly 
supporting the wafer WF. The top surface of the constit- 
uent member 50 is provided with stage alignment mark 
6A, 6B and 6C for alignment operation. The constituent 
member 51 carries the constituent member 50 and is 
movable on the constituent member 52 in the X direc- 
tion as shown in the Figure. The constituent member 52 
is movable in Y direction as indicated in the Figure, so 
that the constituent members 51 and 52 constitute a so- 
called X-Y stage. To drive the constituent members 51 
and 52 in the X direction and Y direction, respectively, 
driving devices 70 and 71 are provided, which include 
step motors respectively. The constituent member 50 is 
rotatable in e direction by an unshown driving device. 
The constituent member 50 is vertically movable by pie- 
zoelectric elements P1 , P2 and P3 disposed therebelow 
as shown in Figure 15. Distance meters 90, 91 and 92 
for controlling the stage are provided to detect the posi- 
tion and movement amount of the wafer in the X and Y 
directions with high precision. As for the distance 
meters 90, 91 and 92, a non-contact type (optical type) 
such as interferometer type is preferable. 
[0080] The projection exposure apparatus shown in 
Figure 14 is such that an image of the pattern of the 
mask MS is projected as a plane projection onto the 
wafer by forming a reduced image thereof by the reflect- 
ing mirror M1 , M2 and M3, and the exposure is effected 
for each of chips or for a group of plural chips defined by 
scribe lines on the wafer WF, that is, in a so-called step- 
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and-repeat fashion. The mask MS is supported by an 
unshown mask holder on the mask stage 1 , while the 
wafer WF is attracted on an unshown wafer chuck. After 
completion of an alignment operation between the wafer 
WF and the mask MS which will be described hereinaf- 
ter, the exposure operation is executed in the following 
manner. 

[0081] The X-ray emitted from the unshown X-ray 
source illuminates the mask MS, and the circuit pattern 
of the mask MS is formed on the wafer WF in a prede- 
termined region through the conduit tube 3, the reflec- 
tion mirror MO and a reduction projection system 
comprising reflecting mirrors M1, M2 and M3. In this 
apparatus, the information representative of the circuit 
pattern of the mask MS is transmitted onto the wafer 
WF in the form of a strength distribution of an X-ray, and 
a latent image of a circuit pattern is formed in the photo- 
sensitive material (resist) for the X-ray applied on the 
surface of the wafer WF. The wavelength range of the 
used X-ray may be selected in harmonization with the 
properties of the photosensitive layer and the projection 
system. If the X-ray source is not available which pro- 
duces the desired wavelength range, the mask MS may 
be illuminated through an X-ray filter having a desired 
absorption property, such as BN (boron nitride). After 
completion of one shot exposure for one chip or a group 
of chips, the wafer stage is moved stepwisely by the 
driving devices 70 and 71 so as to place the adjacent 
chip or group of chips to the effective exposure region, 
and then, the mask MS and the chip of the wafer WF to 
be exposed are aligned again, whereafter the chip or 
the group of the chip are exposed to the X-ray pattern 
(repeat). These operations are executed in a predeter- 
mined order for plural chips on the wafer WF, and all the 
chips defined by scribe lines on the wafer WF are 
exposed to the pattern by the plural shots of exposure. 
The wafer WF which have been exposed entirely, is 
automatically replaced with an unexposed wafer WF, 
and the above-described process is repeated. 
[0082] Now, an example of alignment operation will be 
described. 

[0083] In Figure 14, the driving devices 70 and 71 
drive the wafer stage comprising the constituent mem- 
bers 50, 51 and 52, so that the alignment marks 6A, 6B 
and 6C on the constituent member 50 can be sequen- 
tially observed by stage alignment scope 10, 11 and 12 
through the projection imaging system including the 
reflecting mirror M1, M2 and M3. 
[0084] More particularly, a semiconductor laser head 
LZ mounted to the bottom face of the supporting plate 
SS is actuated to emit light. Then, the stage is driven so 
as to lace the alignment mark 6A on the wafer stage to 
the opening h2. The focus detection is effected between 
the alignment mark 2A on the mask stage 1 and the 
alignment mark 6A on the wafer stage using the align- 
ment scope 12. At this time, the wafer stage is driven 
vertically to provide a focused stage by the piezoelectric 
element P1 . Similarly, the marks 6B and 6C are sequen- 



tially faced to the opening h2, the focus condition is 
detected using the marks 2B and 2C and alignment 
scopes 11 and 10, and the piezoelectric elements P2 
and P3 are actuated so as to vertically move the wafer 

5 stage. By these operations, the respective distances 
between three marks 2A, 2B and 2C and three marks 
6A, 6B and 6C are adjusted to a focused state. As a 
result, the degree of perpendicularity between the mask 
stage and the wafer stage are assured. Immediately 

io after each of the focused state detections, the X and Y 
direction deviations are sequentially measured and 
memorized using the marks 2A, 2B and 2C and the 
marks 6A, 6B and 6C. It is possible that the correcting 
drive may be executed using the motors 70 and 71 . 

is [0085] Since the distance between the mask MS and 
the wafer WF is long in this embodiment, the perpendic- 
ularity correction is advantageous between the mask 
MS and the wafer WF. In the similar manner, the mask 
MS and the wafer WF are adjusted to be parallel to each 

20 other in the imaging systems shown in Figures 1 . 4, 8 
and 13. Since the alignment marks 6A, 6B and 6C on 
the wafer stage are detected by the beam inversely trav- 
elling the reduction imaging system, and therefore, if the 
reduction is 1/5, the alignment marks 6A, 6B and 6C 

25 can be detected in an enlarged scale, that is 5 times. 
[0086] The information regarding the alignment from 
the alignment scopes 10, 11 and 12 can be obtained 
visually or photo-el ectrically. For this purpose, any of 
known methods may be used. 

30 [0087] If a positional relationship is predetermined 
between such an area of the exposure region of the 
wafer WF retained on the constituent member 50 that is 
to be exposed to the pattern by a first shot (for example, 
the area for a first chip defined by orthogonal scribe 

35 lines) and the alignment marks 6A, 6B and 6C, the 
wafer stage including the constituent members 50, 51 
and 52 are moved, after the above described stage 
alignment operation, on the basis of the predetermined 
positional relationship so that the first shot area on the 

io wafer WF is brought to the neighborhood of the image 
area of the projection imaging system where the pattern 
of the mask MS is formed. At the marginal area of the 
first shot exposure area on the wafer WF, more particu- 
larly in the scribe lines, a predetermined couple of align- 

45 ment marks is formed. These alignment marks and 
unshown alignment marks on the mask MS are visually 
or photoelectrical^ detected using the mask-wafer 
alignment scopes 20 and 21, so that a further highly 
accurate alignment can be exposed. 

so [0088] The semiconductor laser head LZ functioning 
as the light source for the alignment produces light hav- 
ing the wavelength of for example 780 nm - 850 nm it is 
noted that the wavelength is longer than the wave- 
length of 100 angstroms of the exposure X-ray by 1 - 2 

55 orders. The reflecting surfaces of the multi-layer film 
reflecting mirror can effectively reflect the laser beam as 
by a simple metal layer reflecting surface. Further, the 
alignment marks on the wafer stage or the wafer WF are 
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observed in an enlarged scale, for example, 5 times, if 
the reduction ratio of the reduction reflection system is 
1/5, since the light travels inversely by way of the reflect- 
ing mirrors M3 f M2 and M1 toward the mask MS. 
[0089] Even if two wavelengths, for example 780 nm s 
and 850 nm of the laser produced by the semiconductor 
laser are used for two kinds of resists, for example, the 
reflecting mirror does not essentially exhibit wavelength 
dependence on the wavelength of this order, and there- 
fore, a highly accurate alignment can be maintained so 
that it is preferable. 

[0090] After completion of the above described align- 
ment, the exposure step which has been described 
hereinbefore starts. If the positional relationship 
between the first shot area and the subsequent step- 
and-repeat areas, and the sequence of the exposures 
are stored in an unshown control device, the movement 
to the next shot area subsequent to the first shot can be 
performed through the control device to move the wafer 
stage with high precision (step movement) without the 
alignment operation between the mask MS and the 
wafer WF for each shot. Particularly from the standpoint 
of improvement in the throughput, the system wherein 
the alignment operation is carried out only for the first 
shot, and the subsequent stepwise movement for the 
remaining shots are effected trusting the mechanical 
accuracy of the stage is more preferable than a die-by- 
die alignment wherein the alignment is performed 
between the mask MS and the wafer WF for each of the 
shots. 

[0091] The inside of the projection exposure appara- 
tus shown in Figure 14 is evacuated since the X-ray is 
used for the exposure. For example, evacuating means 
such as a vacuum pump (not shown) is used to evacu- 
ate it to such an extent of vacuum of 10' 6 Torr. The 
degree of vacuum in the apparatus is preferably higher, 
and in this embodiment, the exposure is performed 
under high vacuum or ultra high vacuum condition. For 
this purpose, the above described reflecting mirror cool- 
ing means is advantageous. 

[0092] In place of maintaining the vacuum in the appa- 
ratus, the air in the apparatus containing N 2 and 0 2 and 
others is replaced by light elements such as H and/or 
He so as to fill the inside of the apparatus with light ele- 
ment or elements for the exposure of X-rays. For exam- 
ple, the front side (X-ray receiving side) of the mask MS 
in Figure 14 and the backside thereof (inside the barrel 
3) and the upper surface of the wafer WF are all covered 
and filled with He flowing at a constant speed. Then, 
those light elements hardly absorb the X-ray. while on 
the other hand, they exhibit better heat absorption than 
the vacuum, so that the mask MS and the reflecting mir- 
ror are protected from distortion due to heat. If the expo- 
sure operation is carried out under such conditions, the 
number of X-ray transmitting window covered by beryl- 
lium can be minimized so as to minimize the attenuation 
of the X-ray energy, in other words, to efficiently use the 
X-ray. If. on the other hand, the upper portion of the 



mask MS is in a He chamber, the lower barrel 3 is a vac- 
uum chamber, and the upper portion of the wafer is in 
an air chamber, the Be window is required for each of 
the boundaries, resulting in large attenuation of the X- 
ray energy. Since H is very easy to burn, He is better 
from the standpoint of safety. Even when the He is used, 
the mirror or mirrors may be provided with forced cool- 
ing means. 

[0093] When the wavelength of the X-ray used for the 
exposure is large, the X-ray is easily absorbed by vari- 
ous materials, and therefore the possibility of influence 
to the human body or the like is very small, and the X- 
rays hardly leak externally by employing the shield for 
maintaining the vacuum. On the other hand, with the 
decrease of the wavelength of the X-ray, the absorption 
thereof by various materials becomes smaller, and 
therefore, it is preferable to provide a shield for the X-ray 
as the case may be depending on the wavelength of the 
X-ray used. 

[0094] As described in the foregoing, according to the 
projection exposure apparatus shown in Figure 14, a 
pattern of the mask illuminated by the X-rays is imaged 
on the wafer by way of the projection imaging system to 
expose the wafer to the pattern, and the projection 
imaging system formed the image in a reduced scale, 
so that the precision required for the mask pattern is 
eased as compared with the conventional proximity 
method, thus making the manufacturing of the mask 
easier. Additionally, the reduction projection enhances 
the resolution. Also, the latitude to the usable X-ray 
source is increased, so that the applicability is 
enhanced. Furthermore, the necessity for the accurate 
gap measurement between the mask and the wafer 
which is needed in the proximity method and for the 
adjustment of the gap is eliminated. 
[0095] The X-ray mask usable with the present inven- 
tion may be of a transparent type or a reflection type. 
The transparent type X-ray mask includes an X-ray 
absorbing portion and a mask substrate for supporting 
the X-ray absorbing portion, the X-ray absorbing portion 
forming a pattern on the mask substrate. The X-ray 
absorbing portion may be of Au, Pa, W or the like which 
exhibit high X-ray absorbing rate and which is easy to 
process. As for the material of the mask substrate, 
organic high molecular materials and inorganic materi- 
als are usable. For the former, there are polyimide, 
Myler and Kapton and as to the latter, there are Si, Bn, 
Ti, Si 3 N 4 , SiC and Si in which B is dispersed. Also, SiN 
substrate and a compound substrate of polyimide and 
Bn are usable. 

[0096] The reflection type X-ray mask includes a mask 
substrate having low reflectivity on which a pattern is 
drawn with high reflectivity material. For example, on a 
thick mask substrate of a low electron density material 
(light element substance) such as Si or the like, a pat- 
tern is drawn by high electron density material (heavy 
element substance) such as Au or the like, or as another 
example, a multi-layer reflecting film including Ti and Ni 
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is patterned on a mask substrate. 
[0097] The mask MS to be used with the present 
invention is required to be selected depending on the 
wavelength of the X-ray used. For example, if the wave- 
length of the X-ray to be used is several angstroms TO s 
several tens angstroms, the material of the mask may 
be selected from the above-described. However, if the 
wavelength is relatively long, for example, several tens 
angstrom to several hundreds angstroms, the above- 
described materials are not preferable since they 10 
absorb much X-ray energy. For the masks for the long 
wavelength X-rays, several tens angstroms - several 
hundreds angstroms, through openings are formed in 
the X-ray absorbing member and reflecting member in 
accordance with the circuit pattern, that constituting a is 
mask. 

[0098] As for the X-ray source usable with the present 
invention, a conventional X-ray source of so-called elec- 
tron beam excitation type wherein an electron beam is 
applied to a solid metal to produce X-rays, an X-ray 20 
source utilizing laser plasma, rare gas plasma, deeping 
discharge plasma or a source utilizing synchrotron radi- 
ation represented by SOR (synchrotron orbital radia- 
tion). 

[0099] The X-ray sensitive material used for the expo- 25 
sure, that is, the resist, can be selected from wide range 
of materials from high sensitivity to a relatively low sen- 
sitivity materials depending on the energy density of the 
exposure X-ray which is different is the X-ray is different. 
[0100] As examples of negative type X-ray resist 30 
material, there are polyglycidylmethacrylate-CO-ethyl- 
acrylate (COP, maleic acid added polyglycidylmethacr- 
ylate (SEL-N), polydiallylorthophthalate, epoxidized 
polybutadiene, polystyrene TIF, metallic salt containing 
resist material, halogen containing polyvinyl ether resist 35 
material and halogen containing polyacrylate resist 
material. As examples of positive type X-ray resist 
materials, there are polymethyl methacrylate (PMMA), 
polyhexafluorobutylmethacrylate, polytetrafluoropropyl- 
methacrylate, polymethacrylonitrile, poly(MMA-CO- 40 
trichloroethylmethacrylate), polybutene-1-sulfone, 
metallic acid containing resist material, polytrichlo- 
romethacrylate, polymethylmethacrylate-CO-dimethyl- 
methylenemalonate (PMA-CO-DMM), copolymer of n- 
hexyl aldehyde and n-butyl aldehyde, and polychloroa- 45 
cetaldehyde. 

[01 01 ] As described in the foregoing, according to the 
present invention, the loss of the X-ray energy by the 
mirror surfaces and the distortion of the reflecting mirror 
by the heat can be minimized, and therefore, the expo- so 
sure pattern transfer can be performed efficiently and 
with high resolution. 

[0102] The following paragraphs highlight advanta- 
geous embodiments of the invention: 

ss 

A. An X-ray exposure apparatus, comprising: 

a stage for holding a mask having a pattern for 



circuit manufacturing; 

a stage for holding a wafer to be exposed to the 
pattern of the mask with X-rays; and 
a reflection reduction imaging system, dis- 
posed between said mask stage and said wafer 
stage, including a reflecting mirror arrange- 
ment, containing at least three but not more 
than five reflecting mirrors coated with multi- 
layer films, for receiving X-rays from the mask 
and directing them to the wafer to expose the 
wafer to the pattern of the mask with the X-ray 
in a reduced scale. 

B. An X-ray exposure apparatus, comprising: 

a stage for holding a mask having a pattern for 
circuit manufacturing; 

a stage for holding a wafer to be exposed to the 
pattern of the mask with X-rays; and 
a reflection reduction imaging system, dis- 
posed between said mask stage and said wafer 
stage, including a reflecting mirror arrange- 
ment, containing at least one flat mirror and a 
plurality of non-flat mirrors, each of which mir- 
rors are coated with multi-layer films, for receiv- 
ing X-rays from the mask and directing them to 
the wafer to expose the wafer to the pattern of 
the mask with the X-ray in a reduced scale. 

C. An X-ray exposure apparatus, comprising: 

a stage for holding a mask having a pattern for 
circuit manufacturing; 

a stage for holding a wafer to be exposed to the 
pattern of the mask with X-rays; and 
a reflection reduction imaging system, dis- 
posed between said mask stage and said wafer 
stage, including a reflecting mirror arrange- 
ment, containing a plurality of multi-layer film 
coated reflecting mirrors, at least one of which 
is provided with forced cooling means, for 
receiving X-rays from the mask and directing 
them to the wafer to expose the wafer to the 
pattern of the mask with the X-ray in a reduced 
scale. 

D. An X-ray exposure apparatus, comprising: 

a stage for holding a mask having a pattern for 
circuit manufacturing; 

a stage for holding a wafer to be exposed to the 
pattern of the mask with X-rays; 
means for forcingly cooling the mask; and 
a reflection reduction imaging system, dis- 
posed between said mask stage and said wafer 
stage, including a reflecting mirror coated with 
multi-layer films, for receiving X-rays from the 
mask and directing them to the wafer to expose 
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the wafer to the pattern of the mask with the X- 
ray in the reduced scale. 

E. A reduction exposure apparatus, comprising: 

5 

a stage for holding a mask having a pattern for 
circuit manufacturing; 

a stage for holding a wafer to be exposed to the 
pattern of the mask; 

a reflection reduction imaging system, dis- 10 
posed between said mask stage and said wafer 
stage, including a reflecting mirror arrange- 
ment, containing a plurality of reflecting mirrors 
which are coated with multi-layer films, for 
exposing the wafer to the pattern of the mask in is 
the reduced scale in a rectangular area; and 
means for stepwisely moving said wafer stage 
to expose sequentially areas on the wafer hav- 
ing a configuration corresponding to the rectan- 
gular area. 20 

F. An apparatus according to paragraph E, wherein 
said rectangular area is oblong. 

G. An apparatus according to paragraph E or F, 
wherein the wafer is exposed to the pattern of the 25 
mask with X-rays. 

H. An X-ray reduction exposure apparatus, com- 
prising: 

a mask stage for holding a mask having a pat- 30 
tern for circuit manufacturing; 
a wafer stage for holding a wafer to be exposed 
to the pattern of the mask with X-rays; 
a plurality of reflecting mirrors for reflecting X- 
rays, disposed between said mask holding and 35 
said wafer holder, to expose the wafer to a pat- 
tern of the mask in a reduced scale; and 
means for detecting a mark on said wafer stage 
in an enlarged scale using visible light coming 
from the wafer by way of said reflecting mirrors 40 
in a direction opposite to a direction of travel of 
the X-rays for exposing the wafer, whereby the 
mark can be detected substantially free from 
aberration. 

45 

I. An apparatus according to paragraph H, wherein 
at least one of said plural mirrors is provided with a 
multi-layer film coating. 

J. An apparatus according to paragraph H or I, 
wherein the visible light is a laser beam. so 
K. A reduction exposure apparatus, comprising: 

a stage for vertically holding a mask having a 
pattern for circuit manufacturing; 
a synchrotron orbital radiation source for pro- ss 
ducing energy rays for application of the rays to 
the mask; 

a stage for horizontally holding a wafer to be 



exposed to the pattern of the mask with the 
rays; 

reduction imaging means, disposed between 
the mask and the wafer, for exposing the wafer 
to the pattern of the mask in a reduced scale, 
said imaging means including a plurality of 
reflecting mirrors at least one of which is 
coated with a multi-layer film; and 
means for sequentially moving said wafer 
stage for sequentially exposing plural exposure 
areas of the wafer to the reduced patterns. 

L An apparatus according to any one of para- 
graphs A to K, wherein space between at least two 
of the reflecting mirrors is filled with helium gas. 
M. An apparatus as claimed in paragraph L, 
wherein the space is a through space and the 
helium gas is caused to flow through the space. 
N. An X-ray exposure apparatus, comprising: 

a stage for holding a mask having a pattern for 
circuit manufacturing; 

a stage for holding a wafer to be exposed to the 
pattern of the mask with X-rays; and 
a reflection reduction imaging system, dis- 
posed between said mask stage and said wafer 
stage, including a reflecting mirror arrange- 
ment, containing a plurality of reflecting mirrors 
coated with multi-layer films, for receiving X- 
rays from the mask and directing them to the 
wafer to expose the wafer to the pattern of the 
mask with the X-ray in a reduced scale; 
wherein helium gas flows through space 
between at least two of said reflecting mirrors. 

O. An apparatus according to any one of para- 
graphs A to N, wherein at least one of reflecting mir- 
rors has a non-spherical reflecting surface. 
P. An apparatus according to any one of paragraphs 
A to O, wherein at least one of the reflecting mirrors 
is provided with forced cooling means for cooling it. 
Q. An apparatus according to paragraph P, wherein 
at least the two reflecting mirrors nearest the mask 
stage are provided with forced cooling. 
R. An X-ray reflecting imaging system comprising: 

a first concave mirror having a multi-layer film 
reflecting surface; and 

a second concave mirror having a multi-layer 
reflecting film for receiving X-rays from said first 
concave mirror, said second concave mirror 
having an opening for allowing the X-rays to 
pass through said second concave mirror. 

S. A system according to paragraph R, wherein 
said opening is formed prior to processing surface 
treatment of said second concave mirror, and dur- 
ing the surface treatment, the opening is plugged 
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with a material which is removed after the surface 
treatment. 

T. A system according to paragraph R or S, wherein 
said first concave mirror is provided with forced 
cooling means. s 
U. A system according to any one of paragraphs R 
to T, wherein space between said first and second 
concave mirrors is filled with helium gas. 
V. An X-ray reflecting imaging system comprising: 

10 

a first concave mirror; 

a first mirror having a concave reflecting sur- 
face for reflecting X-rays; 

75 

a second mirror having a convex reflecting sur- 
face for receiving the X-rays from said first mir- 
ror and reflecting them; 

a third mirror having a concave reflecting sur- 20 
face for receiving the X-rays from said second 
convex mirror and reflecting them; and 
wherein the reflecting surface of at least one of 
said first and third concave mirrors is non- 
spherical, 25 
whereby an image formed by the X-rays 
involves minimized aberrations; and wherein 
the reflecting surface of at least one of said mir- 
rors is provided with a multi-layer coating. 

30 

W. A system according to paragraph V, wherein all 
of said mirrors are provided with multi-layer coat- 
ings. 

X. A system according to paragraphs V or W. 
wherein the minimized aberrations are maintained 35 
within an area in the rectangular form. 
Y. A system according to any one of paragraphs V 
to X, wherein said imaging system is a reduction 
imaging system. 

Z. A system according to any one of paragraphs V 40 
to X, wherein said imaging system is used as an 
enlarging imaging system. 

AA. A system for converting an object to an image 
using X-rays, comprising: 

45 

imaging means, provided between the object 
and a plane on which the image thereof is 
formed, for receiving and reflecting X-rays, said 
imaging means including plural X-ray reflecting 
elements provided with multi-layer coatings; so 
and 

X-ray application means for applying the X-ray 
to said object inclinedly with respect to a sur- 
face of the object to cause the X-rays incident 
on the plane to be substantially parallel to a ss 
system axis of said imaging means. 

AB. A system according to paragraph AA, wherein 



the object and the plane are located in the opposite 
sides of the system axis. 

AC. A system according to paragraph AA or AB, 
wherein one half of said imaging means with 
respect to the system axis thereof is used for the 
image conversion. 

AD. A system according to any one of paragraphs 
AA to AC, wherein a position of a front focus of said 
imaging means is coincident with a position of an 
entrance pupil. 

AE. An X-ray projection exposure apparatus for 
exposing a member sensitive to X-rays to a pattern 
of a mask with the X-rays in a reduced scale; com- 
prising: 

an inlet port for receiving X-rays travelling sub- 
stantially in a horizontal direction; 
a mask holder for holding the mask substan- 
tially vertically for the mask to receive the X- 
rays through said inlet port; 
a first mirror for receiving the X-rays coming 
from the mask and reflecting them in a sub- 
stantially vertical direction; 
a second mirror, disposed above said first mir- 
ror, having a bottom curved reflecting surface 
for receiving the X-rays from the first mirror and 
reflecting them; 

a third mirror, disposed below said first mirror, 
having a top curved reflecting surface for 
receiving the X-rays coming from said second 
mirror and reflecting them; 
a fourth mirror, disposed between said first and 
second mirrors, having a bottom curved reflect- 
ing surface for receiving the X-rays from said 
third mirror and reflecting them substantially 
vertically; and 

a holder for holding the sensitive member for 
holding the sensitive member substantially hor- 
izontally for the sensitive member to receive 
the X-rays from the fourth mirror. 

AF. An apparatus according to paragraph AE, 
wherein said second, third and fourth mirrors are 
optically coaxial. 

AG. An apparatus according to paragraph AF, 
wherein said first mirror is eccentric from the axis of 
said second, third and fourth mirrors. 

AH. An apparatus according to any one of para- 
graphs AE to AG, wherein said third mirror has an 
eccentric opening to allow the X-rays toward and 
away from said second mirror to pass through said 
third mirror. 

AI. An apparatus according to any one of para- 
graphs AE to AH, wherein said fourth mirror has an 
eccentric opening for allowing the X-rays reflected 
by said third mirror to pass through said fourth mir- 
ror. 

AJ. An apparatus according to any one of para- 
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graphs AE to Al, wherein said mask stage allows 
the X-rays to pass therethrough, whereby the mask 
which is of a transmitting type is usable. 
AK. An apparatus according to any one of para- 
graphs AE to AJ, wherein said mask stage is dis- s 
posed between said inlet port and said first mirror. 
AL. An apparatus according to any one of para- 
graphs AE to AK, wherein said inlet port and said 
first mirror are faced to a same side of the mask 
holder, whereby the mask which is of a reflection io 
type is usable. 

AM. An X-ray exposure apparatus, comprising a 
mask stage for holding a mask, a wafer stage for 
holding a wafer, means for projecting X-rays onto 
such a mask, and a projection imaging system suit- is 
able for and arranged to project X-rays from such a 
mask onto such a wafer to project an image of a 
pattern on the mask onto the wafer. 



[0103] While the invention has been described with 20 
reference to the structures disclosed herein, it is not 
confined to the details set forth and this application is 
intended to cover such modifications or changes as may 
come within the purposes of the improvements or the 
scope of the following claims. 25 

Claims 

1. An x-ray reduction projection exposure apparatus 
comprising: 30 



2. An apparatus according to claim 1 wherein the plu- so 
rality of curved mirrors contains at least three but no 
more than five curved mirrors. 

3. An apparatus according to claim 1 or claim 2 
wherein the plurality of curved mirrors comprises ss 
two concave and one convex mirrors. 

4. An apparatus according to claim 3 wherein both 



concave mirrors have aspherical reflecting surfaces 
for reducing aberrations. 

5. An apparatus according to claim 3 wherein the con- 
vex mirror has an aspherical reflecting surface for 
reducing aberrations. 

6. An apparatus according to any one of claims 1 to 5 
wherein the plurality of curved mirrors are arranged 
to minimise aberrations within a rectangular area of 
an imaging plane. 

7. An apparatus according to any one of claims 1 to 6 
further including a flat mirror which has a multilay- 
ered reflector. 

8. An apparatus according to any one of claims 1 to 7 
wherein the arrangement of said reflection imaging 
system (M1, M2, M3) and said wafer stage (50) is 
such that x-rays projected onto a wafer (WF) 
mounted on the wafer stage (50) are incident per- 
pendicularly thereon. 

9. An apparatus according to claim 3 wherein said 
second concave mirror (M3) has an opening (hi) 
through which that part of said optical path which 
extends between said first concave mirror (M1) and 
said convex mirror (M2) passes. 

10. An apparatus according to claim 9 wherein said 
opening (hi) is formed prior to performing surface 
treatment of said second concave mirror (M3), and 
during the surface treatment, the opening (hi) is 
plugged with a material which is removed after the 
surface treatment. 

11. An apparatus according to claim 3 wherein said 
convex mirror (M2) has an opening (h2) through 
which that part of the optical path which extends 
between the said concave mirror (M3) and the posi- 
tion of the wafer (WF) passes. 

12. An apparatus according to any preceding claim 
including forced cooling means (C1 , C2) for cooling 
at least one of said mirrors. 

13. An apparatus according to any preceding claim 
including forced cooling means for cooling the mask 
(MS). 

14. An apparatus according to any preceding claim 
wherein the space around at least one of the mask 
stage (1), the wafer stage (50) or one of the mirrors 
is filled with helium gas. 

15. An apparatus as claimed in any preceding claim 
including a supply of helium gas for cooling said 
imaging system. 



a mask stage (1) for holding a reflection type 
mask (MS) having a multilayered reflection pat- 
tern; 

a wafer stage (50) for holding a wafer (WF); 35 
and 

a reflection imaging system for receiving x-rays 
from the mask (MS) and directing them along 
an optical path to expose a wafer (WF) 
mounted on the wafer stage (50) to the pattern 40 
of the mask (MS), said reflecting imaging sys- 
tem comprising a plurality of curved mirrors 
(M1,M2, M3); 

characterised in that at least one of the said 
curved mirrors has an aspherical reflecting sur- 45 
face for reducing aberrations; and 
in that each of the said curved mirrors has a 
multilayered reflector. 
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16. An apparatus according to any preceding claim 
including means for detecting an alignment marking 
on a wafer (WF) mounted to the wafer stage (50) 
and a means for aligning said wafer (WF). 

5 

17. An apparatus according to any preceding claim 
including means (50-52) for holding a wafer (WF) 
and for stepping the position of the wafer (WF) for 
each image exposure. 

10 

18. An apparatus according to any preceding claim 
wherein said curved mirrors are substantially con- 
centric. 

1 9. An apparatus according to claim 1 8 wherein at least 
one of said curved mirrors is slightly inclined with 
respect to the other curved mirrors, so that the focal 
points of the curved mirrors do not all lie in a 
straight line, for further reducing aberrations. 

20. A method of using an x-ray projection exposure 
apparatus as claimed in any preceding claim com- 
prising the steps of: 

providing a reflection type mask (MS) having a 
multilayered reflection pattern; 
directing x-ray radiation onto said mask (MS); 
and 

exposing a wafer coated with resist material to 
an image of the mask (MS) projected onto its 
surface using said reflection imaging system 
part of the apparatus included in any preceding 
claim. 

21. A method as claimed in claim 20 wherein a mask 35 
(MS) is provided, the pattern of which has been dis- 
torted to compensate for residual aberration in the 
imaging system. 

22. A method of manufacturing a semiconductor device 40 
comprising exposing a wafer using the method of 
claim 20 or 21 , and the step of fabricating the sem- 
iconductor device from the exposed wafer. 

45 
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